abstract

Background
Theaimofthecurrentinvestigationwastoexaminetheeffectsofcourtshoes,minimalist, energy return and athletic footwear on the loads experienced by the patellar tendon during a maximal change of direction task.
Material/Methods
Tenmaleparticipantsperformedmaximalchangeofdirectionmovementsincourtshoes, minimalist, energy return and athletic footwear. Lower limb kinematics were collected using an 8-camera motion capture system; ground reaction forces were quantified using an embedded force platform. Patellar tendon kinetics were examined via a musculoskeletal modelling approach, and the frictional properties of the footwear were examined using ground reaction force information.
Results
The results showed that the rate at which the tendon was loaded was significantly largerinminimalistfootwear(62.54BW/s)inrelationtocourt(30.41BW/s),energyreturn (47.17BW/s)andathleticfootwear(37.40BW/s).Inaddition,thecoefficientoffrictionand rotational friction moment were found to be significantly lower in minimalist footwear (0.53&15.63Nm)inrelationtocourt(0.57&25.04Nm),energyreturn(0.60&18.84Nm) and athletic footwear (0.62 & 19.74Nm).
Conclusions
Therefore, the findings from the current investigation indicate that minimalist footwear may place athletes who undertake court-based activities at increased risk from patellar tendinopathy.
introduction
A substantial body of literature has examined the mechanics of linear running in different athletic groups. However, linear running is not an ecologically valid movement in many sports, in particular those undertaken during courtbased activities [1] . Court-based sports activities require the execution of a range of different movements which include running, jumping, and rapid changes of direction [2] . The capacity to change direction quickly is essential for effective performance in multidirectional court sports, allowing athletes to gain positional advantage on the court [3] .
Previously published work evaluating changes of direction activities is limited. Nevertheless, it has been noted that change of direction tasks places high stresses upon the lower extremity [4] , meaning that the potential for injury is high. Patellar tendinopathy is an extremely common pathology in athletic populations accounting for as many as 25% of soft tissue injuries [5] . Patellar tendinopathy is characterized by pain confined to the inferior aspect of the patella in ballistic activities that store and release energy in the tendon itself [6] . Microtrauma occurs when the tendon is subjected to extreme forces without sufficient rest [7] , leading to degradation and disorganization of the collagen fibers [8] . Patellar tendinopathy is extremely common in court sports which require numerous decelerations that mediate repetitive loading of the patellar tendon [5] . Patellar tendinopathy is debilitating and results in sustained absence and potentially permanent cessation of athletic activities [9] .
The objective of sports footwear for court-based activities is to enhance performance and reduce the likelihood of injury [10] . Sports footwear with mechanical characteristics has been advocated as a mechanism by which the injury risk can be controlled during court sports [11] . The attenuation of impact shock and the enhancement of lateral stability are considered as two important footwear characteristics that are required by those involved in court sports [12] . Athletes who take part in court-based sports typically wear either court-specific or traditional athletic footwear. Court footwear is designed in order to promote lateral stability and also to enhance shock attenuation, whereas athletic footwear can vary considerably and may include cushioned running shoes, minimalist footwear associated with minimal midsole cushioning/ negligible heel to toe drop, and energy return footwear designed to reduce the amount of energy loss associated with each foot contact.
The rapid decelerations that are required during court sports means that friction between the sole of the shoe and the surface is important to prevent slippage [13] . In addition to the promotion of lateral stability and attenuation of shock which are mediated by the upper and midsole of the shoe, court footwear must also promote traction which is generated by the outsole [14] . The frictional characteristics of sports footwear are examined using both the translational coefficient of friction and rotational friction moment [15] . In court sports the traction provided by footwear can influence both the injury risk and performance [13, 16] . Excessive friction can lead to injury caused by overloading of the soft tissues in the lower extremities [17] , whereas insufficient friction can lead to undesirable levels of movement of the shoe relative to the surface, which causes decrements in performance [15] . Translational friction coefficients between 0.5-0.8 [18, 19, 20] have been advocated within biomechanical literature, but there are currently no www.balticsportscience.com published investigations which have examined the effects of different footwear on frictional characteristics during court specific movements. There is currently no published information relating to the effects of different footwear on loads experienced by the patellar tendon during change of direction movements.
Therefore, the aim of the current investigation was to examine the effects of court shoes, minimalist, energy return and athletic footwear on the loads experienced by the patellar tendon during the maximal change of direction task. Research of this nature may provide important new information to athletes regarding the selection of appropriate footwear for the prevention of injury during court-based activities.
material and methods participants
Ten male participants volunteered to take part in this study. The mean characteristics of the participants were: age 24.32 ±3.14 years, height 177.65 ±4.60 cm and body mass 74.27 ±6.88 kg. All were free from lower extremity pathology at the time of data collection and provided written informed consent in accordance with the declaration of Helsinki. The procedure was approved by the University ethics committee.
procedure
Participants were instructed to perform maximal shuttle run cutting manoeuvres whilst striking an embedded force platform (Kistler, Kistler Instruments Ltd., Alton, Hampshire; length, width, height = 0.6 x 0.4 x 0 m) with their right (dominant) foot. The force platform sampled at 1000 Hz. Participants commenced their trials from 6 m away from the force platform, which was delineated using a masking tape. This distance was selected as being approximately half the width of a tennis court and the full width of a squash court which was deemed to be typical of the distances that court players may be expected to run and then change direction. The stance phase of was delineated as the duration over which > 20 N of vertical force was applied to the force platform [21] . Five successful trials were obtained in each footwear condition. A successful trial was defined as one in which the foot made full contact with the force platform and there was no evidence of gait modifications due to the experimental conditions. The order in which participants performed in each footwear condition was counterbalanced.
Kinematics and ground reaction force information were synchronously collected. Kinematic data were captured at 250 Hz via an eight camera motion analysis system (Qualisys Medical AB, Goteburg, Sweden). Lower extremity segments were modelled in 6 degrees of freedom using the calibrated anatomical systems technique [22] . To define the segment co-ordinate axes of the right foot, shank and thigh, retroreflective markers were placed unilaterally onto the 1st metatarsal, 5th metatarsal, calcaneus, medial and lateral malleoli, medial and lateral epicondyles of the femur. To define the pelvis segment, further markers were positioned onto the anterior (ASIS) and posterior (PSIS) superior iliac spines. Carbon fibre tracking clusters were positioned onto the shank and thigh segments. The foot was tracked using the 1st metatarsal, 5th metatarsal and calcaneus markers and the pelvis using the ASIS and PSIS markers. The centres of the ankle and knee joints were delineated as the mid-point between the malleoli and femoral epicondyle markers, whereas the hip joint centre was obtained using the positions of the ASIS markers. Static calibration trials (not normalized to static trial posture) were obtained in each footwear allowing for the anatomical markers to be referenced in relation to the tracking markers/clusters. The Z (transverse) axis was oriented vertically from the distal segment end to the proximal segment end. The Y (coronal) axis was oriented in the segment from posterior to anterior. Finally, the X (sagittal) axis orientation was determined using the right hand rule and was oriented from medial to lateral.
experimental footwear
The footwear used during this study consisted of athletic footwear (New Balance 1260 v2), minimalist (Vibram five-fingers, ELX), court shoes (Hi-Tec Indoor Lite), and energy return footwear (Adidas energy boost) (shoe size 8-10 in UK men's sizes).
processing
Ground reaction force and marker trajectories were filtered at 50 and 15 Hz using a low pass Butterworth 4th order zero-lag filter and analysed using Visual 3D (C-Motion, Germantown, MD, USA). Kinematics of the knee were quantified using an XYZ cardan sequence of rotations (where X = medial-lateral; Y = anterior-posterior and Z = vertical axes). Knee kinetic and kinematic curves were normalized to 100% of the stance phase. Joint moments were computed using Newton-Euler inverse-dynamics.
To estimate patellar tendon kinetics a predictive algorithm was utilized [23] . The patellar tendon load was determined by dividing the knee extensor moment by the estimated patellar tendon moment arm. The moment arm was quantified as a function of the sagittal plane knee angle by fitting a 2 nd -order polynomial curve to the data provided by Janssen et al. [24] showing patellar tendon moment arms at different knee flexion angles. The patellar tendon load was normalized by dividing it by each participant's body weight (BW). Patellar tendon load = knee extensor moment / patellar tendon moment arm Patellar tendon load rate (BW/s) was calculated as a function of the change in the patellar tendon load from initial contact to peak force divided by the time to peak force.
In addition, the translation coefficient of friction (μ) of each footwear was determined from theratioofhorizontalandverticalforcecomponentsduringtheinitialperiod of shoe motion. The peak free moment of the ground reaction force was to describe the rotational friction characteristics of the footwear.
statistical analyses
Means, standard deviations and 95% confidence intervals were calculated for each outcome measure for all footwear conditions. Differences in the patellar tendon load parameters between footwear were examined using oneway repeated measures ANOVAs. Effect sizes were calculated using partial eta 2 (pη 2 ). Post-hoc pairwise comparisons were conducted on all significant main effects. The data was screened for normality using a Shapiro-Wilk which confirmed that the normality assumption was met. Finally, Pearson's correlation coefficients were utilized to test for linear associations between patellar tendon loading parameters and frictional characteristics. An alpha level of P ≤ 0.05 was used at the criterion for statistical significance [25] , and statistical calculations were conducted using SPSS v22.0 (SPSS Inc., Chicago, USA).
results
Tables 1-2 present the patellar tendon and frictional parameters that were obtained as a function of the different footwear conditions examined as part of this research. The results show that a significant main effect (P < 0.05, pη 2 = 0.34) was evident for peak patellar tendon load. Post-hoc pairwise comparisons showed that peak patellar tendon load was significantly greater in the athletic footwear in relation to the energy return and minimalist conditions. In addition, a significant main effect (P < 0.05, pη 2 = 0.48) was also noted for the time to peak patellar tendon load. The results showed that the time to peak tendon load was significantly shorter in the minimalist footwear in relation to the energy return, athletic and court footwear. In addition, it was also shown that the time to peak tendon load was significantly shorter in the energy return and athletic footwear in relation to the court footwear condition.
Finally, a significant main effect (P < 0.05, pη 2 = 0.27) was also noted for patellar tendon load rate. The results showed that the patellar tendon load rate was significantly greater in the minimalist footwear in relation to the athletic and court footwear. In addition, it was also shown that the patellar tendon load rate was significantly greater in the court and athletic footwear in relation to the energy return condition. The results show that a significant main effect (P < 0.05, pη 2 = 0.62) was evident for the coefficient of friction. Post-hoc pairwise comparisons showed that the coefficient of friction was significantly reduced in the minimalist in relation to the energy return, athletic and court footwear.
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In addition a significant main effect (P < 0.05, pη 2 = 0.56) was also noted for the peak rotational friction moment. Post-hoc pairwise comparisons showed that the rotational friction moment was significantly reduced in the minimalist in relation to the energy return, athletic and court footwear.
correlational analysis
No significant (P > 0.05) correlations were observed between patellar tendon loading parameters and frictional characteristics.
discussion
The aim of the current investigation was to examine the effects of court shoes, minimalist, energy return and athletic footwear on the loads experienced by the patellar tendon during a maximal change of direction task. To the Authors' knowledge this represents the first investigation to comparatively examine the effects of different footwear on patellar tendon loads during court specific motions, and research of this nature may provide important new information to athletes regarding the selection of appropriate footwear for the prevention of injury during court-based activities.
The first key finding from the current investigation is that peak patellar tendon loading was significantly reduced in the energy return and minimalist footwear conditions. However, when considering the rate at which the tendon was loaded, the minimalist footwear performed worst in relation to the athletic and court specific conditions. As stated previously, the aetiology of patellar tendinopathy in athletic populations relates to the storage and release of energy by the tendon during ballistic movements [6] . Therefore given the increased rate at which the tendon was loaded in the minimalist footwear condition, this observation may have clinical significance. It appears based on the findings from the current investigation that minimalist footwear may place those who engage in court-based activities at increased risk from patellar tendinopathy.
In addition, it was shown that minimalist footwear was associated with the lowest values for the coefficient of friction and the rotational friction moment. A likely explanation for this observation is available traction based on the tread patterns of each shoe which are dissimilar between the footwear examined as part of the current study. The tread pattern and the extent of the surface area in contact with the surface have been shown to influence frictional characteristics at the shoe-surface interface [19] . The minimalist footwear features a contoured outsole with a negligible tread pattern this is in contrast to the athletic, energy return and court footwear which have a flatter outsole with significant (although distinct) tread patterns. It is proposed that this is the mechanism responsible for the reduction in frictional properties noted in the minimalist footwear condition. However, it is likely that performing court-based activities in minimalist footwear may impede performance due to inadequate traction in the maximal change of direction tasks [19] . Importantly, the current investigation also showed that there were no significant linear associations between indices of patellar tendon loading and frictional parameters for any of the four footwear conditions examined in this investigation. Therefore, whilst previous investigations have indicated that frictional properties may be linked with the aetiology of soft tissue injuries [17] , it appears that frictional characteristics and injury risk to the patellar tendon may not be linearly associated.
A potential limitation to the current investigation is that patellar tendon loading was quantified using a mathematical modelling approach. This was a requirement of the current investigation due to the invasive nature of obtaining in vivo measures of patellar tendon loading. Muscle driven simulations of the soft tissue loading parameters using inverse kinematic approaches have improved significantly in recent times and thus may become useful as are search tool for clinical analyses [26] . Musculoskeletal simulations still require a range of mechanical constraints in terms of the number of degrees of freedom, which may lead to incorrectly predicted musculoskeletal loading parameters. Nonetheless, musculoskeletal simulations remain relatively new and with further advancement to improve their precision, further developments in clinical research may be conceivable.
In conclusion, although the biomechanical effects of different footwear has been examined extensively, current knowledge regarding differences in patellar tendon kinetics when performing the change of direction tasks is limited. The current investigation thus adds to the current literature base by performing a comprehensive evaluation of patellar tendon loading parameters when performing a change of direction task in minimalist, athletic, energy return and court-specific footwear. Importantly, the current study showed that the rate of patellar tendon loading was greater in minimalist footwear compared to athletic and court footwear. Therefore, the findings from the current investigation indicate that minimalist footwear may place athletes who undertake court-based activities at increased risk from patellar tendinopathy.
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